Topological quantum states of matter, characterized by geometrical features of electronic band structures, have been extensively studied. Among them, the topological electronic state with magnetic order remains elusive because of a scarce number of examples. Here we present experimental observations proving that the pyrochlore iridate, when electronically tuned, can be a topological Weyl semimetal as predicted by recent theories. We observe a sizable spontaneous Hall conductivity with minimal magnetization only within a few Kelvin below the all-in all-out magnetic ordering temperature. Our theoretical calculation, which is quantitatively consistent with the observation, suggests that the presence of linearlydispersing crossing points (Weyl points), acting as a source/sink of a quantized magnetic flux, potentially gives rise to such an enormous effect. The manifestation of the salient Hall response provides one important example of topological states, which promotes a better understanding of Weyl semimetal and indicates the new research direction for the topological-materials design.
O rigins of anomalous Hall effect (AHE), conventionally produced by the presence of the magnetization, have been a longstanding issue in condensed matter physics since its discovery more than a century ago 1 . An intrinsic mechanism of AHE was first proposed by Karplus and Luttinger who attributed it to the electronic band structure with spin-orbit interaction 2 , which generates an additional contribution in a Hall current with no energy consumption. Recently, this mechanism has been reformulated in terms of the Berry curvature, i.e., the quantum geometric/topological property of the Bloch wave functions 3 . Since the concept of the topological nature was appreciated, the intrinsic mechanism has received a renewed interest from a broader perspective over the past few decades; the Berry phase is now considered as the key concept for AHE, successfully explaining AHEs observed in a number of magnetic materials [4] [5] [6] [7] [8] [9] . Recently, Weyl semimetal (WSM) has drawn much attention as a unique class of materials that potentially shows an enormous Hall response 10, 11 . WSM is the semimetal or zero-gap semiconductor in which the two non-degenerate bands cross linearly at the band-touching points, i.e., Weyl points (WPs) [10] [11] [12] [13] . Intriguingly, WP can be regarded as a magnetic monopole of Berry curvature in k-space, and therefore, its position is expected to be manifested in AHE.
A family of pyrochlore iridates R 2 Ir 2 O 7 is the first existing compound that is proposed to realize a magnetic WSM by a firstprinciple calculation 10 . The pyrochlore iridates host symmetry identical to the diamond lattice ( Fig.1a) and are considered to be a fertile ground to potentially produce topologically-nontrivial electronic states 14 . Furthermore, the magnetic ordering configuration shows the all-in all-out (AIAO, 4/0) state which breaks the time-reversal symmetry without reducing the cubic lattice symmetry (Fig. 1b) . These conditions are remarkably suitable for the realization of topological states. The recent angle-resolved photoemission (ARPES) study has revealed that the ground state of the paramagnetic metal R = Pr is a unique semimetal with a quadratic-band-touching point right across the Fermi level, which evolves into abundant topologically-nontrivial phases by symmetry-breaking perturbations 15, 16 . When the time-reversal symmetry is broken by the AIAO magnetic order, for instance, WSM is predicted to emerge with 8 WPs for intermediate electron-correlation strengths 12, 13 . In general, WSM is stable against perturbations as each WP is protected by the topological charge. In fact, the R = Nd compound undergoes the AIAO magnetic order below T N , accompanying a metal-insulator transition (Fig. 1c) ; the theories 10, 12, 13 predict the AIAO WSM state in the vicinity of the AIAO charge-gapped state. Nonetheless, the experimental confirmation of WSM under zero magnetic field turns out to be challenging because the charge gap appears to open so easily by the pair annihilation of WPs which quickly immigrate as a function of the magnetic order parameter and collide with each other at the zone boundaries, consequently leaving metallic fragments only in magnetic domain walls as remnants of the surface state in the gapped state 13, 17, 18 . Therefore, WSM is expected in an extremely narrow temperature region right below T N , still being missed so far 19 .
Here we exploit the electronic transport measurements on pyrochlore Nd 2 Ir 2 O 7 and (Nd 0.5 Pr 0.5 ) 2 Ir 2 O 7 by applying pressure and magnetic field to search for the smoking gun of the predicted WSM state. A salient spontaneous Hall effect accompanied by a vanishingly small magnetization is observed only within the narrow temperature window right below T N . Assuming that the observed Hall effect is provoked by the emergence of WPs which can be regarded as a source or sink of the quantized magnetic flux in k-space, we carry out the numerical analysis of the Hall conductivity. As a result, the minimal tilting of the magnetic moment deviating from the ideal AIAO state is proved to cause such an enormous Hall effect. The qualitative consistency with the experiment indicates that the WSM can be realized in pyrochlore iridates, offering a significant step towards the material design for magnetic topological systems.
Results
Phase diagram for pyrochlore iridates and spontaneous hall effect. To explore the WPs in this system, we take advantage of the Hall effect which is sensitive to the Berry phase 3 . For this purpose, high-quality single crystals of R = Nd (Nd 2 Ir 2 O 7 ) were prepared for transport measurements under fine control of temperature, hydrostatic pressure, and magnetic field. Figure 1d shows the phase diagram as a function of magnetic field for Nd 2 Ir 2 O 7 (R = Nd) at the pressure P = 1.4 GPa. At zero magnetic field, the magnetic transition occurs at 12 K from paramagnetic to AIAO state. The application of the field along [111] crystalline direction modulates the AIAO pattern by flipping one of four magnetic moments on vertices of a tetrahedron, referred to as 3-in 1-out (3/1) configuration. In accordance, the electronic transport properties change dramatically (Fig. 1e) ; as the field increases, the longitudinal conductivity σ xx rises up, reaches the maximum around 4T, and then decreases down to almost a half of its maximum at 14T. Accordingly, the Hall conductivity σ xy also shows nonmonotonous field dependence (Fig. 1e) ; as the magnetic field increases, σ xy increases in a low-field region, reaches the maximum around 7T, and then decreases. According to the ref. 20 ., the magnetization monotonically increases and saturates the value which is expected for Nd-4f 3-in 1-out state. The observed σ xy is different from the conventional AHE which is proportional to magnetization; it presumably reflects the variation of the electronic structures into the other topological state (WSM (3/1)) that can induce the nontrivial contribution to AHE inherent to WPs, as argued in previous reports 20, 21 . Hereafter, we shall take an attentive look into the low-field range in which the AIAO order is preferred. Figure 1f shows the magnified view of the low-field region highlighted in Fig. 1e . The σ xx on the fielddecreasing process (denoted by the red line) is smaller than that on the field-increasing process (the blue line) in the positive field region, and they turn opposite in the negative field. This hysteresis can be explained by the unique configuration of AIAO order; there are two types of magnetic domains in AIAO state as depicted in Fig. 1b (here we term A and B domain, respectively), each of which can be aligned by the application of the field along [111] or the opposite direction 22 . The aligned AIAO configuration can induce the odd component of σ xx as demonstrated in a previous study 23 . Therefore, the butterfly-type hysteresis of σ xx within ±0 T indicates that the single domain state is realized after applying the magnetic field along [111] direction. Significantly, the hysteresis is also discerned in σ xy ; as the magnetic field decreases, σ xy denoted in red marks decreases towards −1 Ω −1 cm −1 with a sharp dip at 0 T. σ xy on the field-increasing process (blue marks) shows the similar field dependency with the opposite sign, shaping an unambiguous diamond-type hysteresis within ±2 T.
To gain more insight into the spontaneous component of σ xy , we study the temperature and pressure dependence which allows us to control the magnetic state via tuning of the effective bandwidth. As shown in Fig. 1c , the T N systematically decreases with increasing hydrostatic pressure due to the enhancement of electron hopping interaction. The top figures of Fig. 2 display the field dependence of σ xy at several temperatures and pressures. At T N , where the data are denoted by black marks, σ xy shows no difference between increasing and decreasing field process. At a lower temperature (denoted in red marks), by contrast, the hysteresis conspicuously shows up with the value of~±1 Ω −1 cm −1 at 0 T. On further decreasing temperature, the hysteresis loop is abruptly closed and the spontaneous component of σ xy becomes almost indiscernible even at a few Kelvin lower than T N (blue marks). Such a characteristic temperature dependency is ubiquitously observed through the pressures of 1.4-2.2 GPa. The bottom figures of Fig. 2 show the field dependence of σ xx as an important reference to the AHE state. At T N , the application of the field decreases σ xx slightly like a typical magnetoresistance effect. However, the magnetoconductivity turns positive and shows a small hysteresis at lower temperatures. Particularly, in the narrow temperature region where the hysteresis of σ xy is remarkably pronounced, the value of σ xx ranges from~700 Ω −1 cm −1 (at P = 1.4 GPa) to~1000 Ω −1 cm −1 (at P = 2.2 GPa). Correspondingly, σ xy increases from~1.0 Ω −1 cm −1 to~1.3 Ω −1 cm −1 with increasing pressure as seen in Fig. 2a -c. These obtained values of σ xx and σ xy reasonably fall onto the intrinsic AHE regime (AHE originating from the Berry phase mechanism) 24 in which various families of ferromagnet such as a diluted magnetic semiconductor (Ga,Mn)As 25 or a spinel-type chalcogenide CuCr 2 Se 4-x Br x with high critical temperature 26 are categorized. With further lowering temperature, the hysteresis of σ xy becomes nearly unobservable especially below~200 Ω −1 cm −1 of σ xx , at which the charge gap starts to open 19, 27 .
There are three main mechanisms of AHE which are widely accepted nowadays; the skew-scattering, the side-jump, and the intrinsic contribution 3 . The former two are attributed to a carrier scattering by crystalline disorders or impurities, and the last one is driven by Berry phase of a Bloch wave function. On the basis of prior experiments and microscopic theories 3 , it is natural to separate them by the transport lifetime. For this reason, we can safely rule out the skew-scattering contribution which basically is dominant in the high-conductivity regime (σ xx ≥10 6 Ω −1 cm −1 ). The rest mechanisms are the side-jump or the intrinsic; however, it is difficult to partition each other only according to the scaling rule between σ xx and σ xy . We therefore pay our attention to the temperature dependency. As one can see in Fig. 2 spontaneous part of σ xy increases abruptly right below T N and almost disappears at 1 K lower temperature, during which σ xx decreases monotonically and smoothly. Since the side-jump mechanism originates from an impurity scattering, it can hardly explain the observed steep temperature dependence. Thus, we conclude that the intrinsic mechanism, which is sensitive to the electronic band structure, is most plausible for σ xy observed in the course of the phase transition.
Magnetization property of (Nd 0.5 Pr 0.5 ) 2 Ir 2 O 7 . Next, we examine the behavior of magnetization M which is anticipated to correlate with AHE. For the experiment we have grown single crystals of Ramalgamated (Nd 0.5 Pr 0.5 ) 2 Ir 2 O 7 (T N = 3.8 K) which are large and qualified enough to measure both M and σ xy reliably at ambient pressure without using the pressure cell. From the previous study [21] we note that the present R = Nd 0.5 Pr 0.5 compound corresponds to the R = Nd compound under an effective pressure of P = 3.3 GPa (see Fig.1c ). Figure 3a , b show the field dependence of σ xy and M at 2 K. σ xy exhibits a similar magnetic-field dependency to that for the undoped Nd 2 Ir 2 O 7 under hydrostatic pressures except for the sharp close of the hysteresis loop at ±0.8 T. A hysteresis of M between field-increasing and field-decreasing process is barely visible in the same field range as well. To investigate the hysteresis behavior more closely, we show the difference of σ xy (Δσ xy ) and M (ΔM) between the two processes in Fig. 3c, d , respectively. One can clearly see that both Δσ xy and ΔM exhibit significant field dependencies at 2 K (<T N ) whereas they are almost zero at 4 K (>T N ). Especially, the field dependency of Δσ xy is complex; starting from −0.5 Ω −1 cm −1 at 0 T, it decreases down to −0.8 Ω −1 cm −1 at ±0.6 T, abruptly jumps towards +0.5 Ω −1 cm −1 at ±0.8 T, and eventually goes to zero above ±1 T. To understand this behavior, we compare it with ΔM. Firstly it simply increases up to~30 mμ B /f.u. with increasing field up to 0.6 T. This can be entirely accounted for in terms of the aligned AIAO single domain state that induces an asymmetric term of M ref. 22 . Above 0.6 T, ΔM precipitously drops because of the switching of the magnetic domain. These behaviors are consistently observed in Nd 2 Ir 2 O 7 as well 20 . Thus the domain state can be assigned as displayed in the top bars of Fig. 3 . One might think that ΔM contains not only the contribution of Ir-5d moments but also that of R-ion 4 f moments. To check the contribution of the Ir-5d moment, we also measured M of Eu 2 Ir 2 O 7 single crystal with non-magnetic R = Eu (see Supplementary Fig. 1 ). We have found that the value of the spontaneous M for R = Eu in the AIAO state is comparable with that for R = Nd 0.5 Pr 0.5 . It indicates that the Ir-5d moment is responsible for the observed ΔM perhaps because the single-ion anisotropy of R4f moments is too strong to contribute to the near-zero-field M.
On this basis, we conclude that the negative Δσ xy below 0.6 T, which appears to be correlated with ΔM, arises from the singledomain state, while the positive Δσ xy around 0.8 T corresponds to the domain switching. It is noteworthy that the magnitude of the present Δσ xy at 0 T is significantly large despite of the minimal value of ΔM. As mentioned above, the present system locates in the intrinsic Hall mechanism regime of the σ xx vs. σ xy realation. 27 and the Heusler compounds Mn 3 Z (Z = Sn 28 and Ge 29 ) which exhibit large AHE with small magnetization. In the former compound, it is argued that the Pr-4f localized magnetic moment orders the ferromagnetic 2-in 2-out configuration below 0.3 K, inducing a spontaneous AHE via RKKY interaction between Pr-4f moments and Ir-5d itinerant electrons 27 . The latter compounds 28, 29 show exceptionally large AHE (σ xy~5 00 Ω −1 cm −1 with M~0.006 μ B / Mn) with non-colinear magnetic order. However, they are highly conductive metals with a large carrier number of~1.9×10 22 cm −1 . Actually, the recent ARPES reveals that Mn 3 Sn has the large Fermi surface around M point as well as Weyl points which arẽ 60 meV above the Fermi energy 30 . On the other hand, the present compound Nd 2 Ir 2 O 7 is predicted to host WPs right at the Fermi level 10 , which may enable us to directly probe an intriguing effect inherent to WPs such as chiral anomaly 31 .
Finally we mention the microscopic origin of the spontaneous magnetization in this material. The appearance of such a magnetization is not specific to the R = Nd or (Nd,Pr) compounds close to the WSM or band-touching SM state, but also observed for the AIAO state of the R = Eu compound ( Supplementary Fig. 1 ) and R = Y 32-34 with the well-defined charge gap 35 . At the moment, the microscopic origin of this weak ferromagnetism common to the AIAO state of R 2 Ir 2 O 7 is not clear, but hardly attributable to extrinsic origins, such as residual strain 23 (see also Supplementary Note 1). On the basis of the magnetization measurement and a simple model simulation on polycrystals, reference 34 suggests that the deviated valence of Ir ion creates non-magnetic defects of Ir 3+ , possibly inducing the ferromagnetism. However, it is somewhat different from the present case; a relatively small amount of defects in a single crystal, if any, may position randomly and the Hall current as well as the magnetization should be canceled out as a whole. It is more likely that the magnetic moments cant from the perfect AIAO pattern. This is consistent with the previous studies such as x-ray experiment revealing the q = 0 magnetic vector 36 . As shown in the following, the obtained values of both M and σ xy are reproduced by our calculation which assumes the moment canting.
Theoretical calculation of anomalous hall conductivity in weyl semimetal phase. One plausible origin of the observed AHE with vanishingly small M is a Berry curvature in the electronic band characteristic of the WSM state. On this assumption, we theoretically evaluate the magnitude of σ xy . We mimic the effect of magnetic moment on the Ir sites by an effective Zeeman field; the Hamiltonian has the form:
Here, H Ir is the single-particle Hamiltonian for the iridium J eff = 1/2 electrons, m i is the effective Zeeman field at the i-th site, and σ i is the vector of Pauli matrices (see Methods). When |m i | = 0, a quadratic band touching exists at the Γ point 12, 15 , which was recently confirmed experimentally 16 . When m i is in the AIAO configuration, an infinitesimal |m i | splits the quadratic band touching into four pairs of WPs, each located along the eight 111 directions as shown in Fig. 4a . With further increasing |m i |, the WPs move away from the Γ point and eventually vanish by the pair annihilation at the L point on the zone boundary.
An interesting aspect of the WSM is that σ xy sensitively reflects the position of the WPs as illustrated in Fig. 4b . Due to the property of WPs, the Chern number defined on each
is the z component of the vector between a pair of WPs b(k)); in Fig. 4b , we illustrate an example where C(k z ) = 0 outside the cone and C(k z ) = e 2 /h inside. As σ xy is proportional to the integral of C(k z ) over k z , σ xy increases when the distance between the two nodes increase and vice versa. In the case of pyrochlore iridates with the perfect AIAO order, the integral over C(k z ) cancels out, resulting in zero σ xy . However, we find that the displacement of the WPs (Fig. 4c ) associated with the canting of the spins (Fig. 4d) violates the cancellation.
In Fig. 4e , we show the result of σ xy calculated using the Hamiltonian in Eq. (1) for three different H Ir and fixed |m i | = 0.04 (Methods). To simulate the small M observed in the experiment, we cant the four moments toward the z axis as shown in Fig. 4d ; the abscissa of Fig. 4e is the canting angle θ. This results in the shift of the WPs as schematically shown in Fig.4c and hence violates the cancellation of σ xy As the consequence, σ xy increases linearly with respect to the canting, and the canting of θ~10 −2 rad gives the σ xy value of 10 −2 of the quantized value, ffiffi ffi 3 p e 2 =ha (a being the lattice constant). As the WSM phase of iridates is close to the boundary of MIT, the net moment induced by the canting of θ~10 −2 rad is estimated about 10 −3 μ B /Ir (Methods). The calculated values of both σ xy and M are consistent with the present experimental observations. These results imply the AHE in Nd 2 Ir 2 O 7 as well as (Nd 1-x Pr x ) 2 Ir 2 O 7 , proximity to the magnetic phase boundaries, are likely to be a consequence of the Berry phase. Conversely, such a conspicuous zero-field Hall signal in the nearly antiferromagnetic state provides a compelling experimental evidence that the pyrochlore iridate under tuned conditions represent the WSM without time-reversal symmetry. The present study demonstrates that the topologically non-trivial feature gives rise to a salient Hall current with a minimal magnetization, pushing forward to the potential realization of next-generation dissipation-less devices.
Methods
Single crystal growth. Single crystals of Nd 2 Ir 2 O 7 and its partially Pr-replaced (Nd 1-x Pr x ) 2 Ir 2 O 7 were grown by the KF flux method. Firstly, mixtures of rare-earth oxides (Nd 2 O 3 and Pr 6 O 11 ) and iridate IrO 2 were ground, pressed into pellets, and then heated at 1273 K for several days. Secondly, the obtained polycrystalline samples were ground again and mixed with KF flux in a ratio of 1:200. The mixtures are placed in a platinum crucible covered with a lid. The crucible was annealed at 1373 K for 3-5 h, and cooled down to 1123 K at a rate of 2 K/h. Finally, crystals were picked up from the KF residual flux by rinsing it out with distilled water. We obtained black octahedron-shaped single crystals which were characterized by x-ray diffraction.
Transport and magnetization measurements. Transport, magnetization, and specific heat measurements were performed using Physical Property Measurement System (PPMS, Quantum Design). Resistivity and Hall conductivity was measured by a standard four-probe method with the current direction parallel to [110] crystalline direction and the magnetic field along [111] crystallographic direction. The Hall conductivity was deduced by the anti-symmetrization of the raw transverse signals perpendicular to the electric current. The pressure was applied by a piston-cylinder pressure cell for PPMS filled with Daphne 7474 oil as the pressuretransmitting medium. The pressure was determined by measuring the superconducting transition temperature of lead which was installed with samples.
Theoretical analysis and models. An effective tight-binding model for J eff = 1/2 orbitals of Ir electrons H Ir is used for evaluation of the anomalous Hall conductivity 4 , of which the parameters of the nearest-neighbor hopping integrals follows that of a previous calculation used for Nd 2 Ir 2 O 7 37 . Several different values for the ratio of nearest-neighbor and second-neighbor hopping integral α is considered, as shown in Fig. 4e . To simulate the effect of AIAO ordering and the small ferromagnetic moments observed in the experiment, a site-dependent Zeeman field is introduced as in Eq. (1). We set the magnitude of the Zeeman field to |m i | = 0.04, which is the parameter the Weyl nodes appear approximately at the center of Γ and L points. The calculation of the Hall conductivity was done using a superlattice of N = 4×192 3 sites with periodic boundary condition. The size of the ferromagnetic moment m FM is calculated using the same model, which were 
